Background: Epidemics of enterovirus 71 infection have caused the death of many children throughout the world. Rhombencephalitis, brain stem encephalitis, and heart failure were present in all of the fatal cases. However, no evidence of myocarditis was noted in the heart specimens, and the mechanism of heart failure remains unknown. Aims: To characterise the presentation of cardiac complications in children with enterovirus rhombencephalitis and discuss its pathogenesis. Methods: Ninety one consecutive patients with enterovirus rhombencephalitis underwent echocardiography. Of these, 17 patients (nine male, eight female; median age 14 months, range 4-57 months) with left ventricular dysfunction were studied. Results: Tachycardia was noted in all patients and systemic hypertension in 12. Muscle-brain fraction of creatine kinase was .5% in 14 patients. Plasma norepinephrine and epinephrine levels were significantly raised in the three patients in whom these were analysed. Electrocardiographic abnormalities were noted in eight patients. Pulmonary oedema was complicated in 15 patients. The initial ejection fraction of the left ventricle was 22-58% (mean 37%, SD 11%). All patients deteriorated to hypotensive shock within 12 hours and 13 died. Heart specimens from seven patients showed no evidence of myocarditis, but significant coagulative myocytolysis, myofibrillar degeneration, and cardiomyocyte apoptosis were observed. Conclusions: Acute heart failure was noted in 19% of patients with enterovirus rhombencephalitis, which had a fatality rate of 77%. It was not caused by myocarditis but possibly by neurogenic cardiac damage.
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Rhombencephalitis, brain stem encephalitis, was the chief neurological complication and was present in all of the fatal cases. 6 7 10 All patients were fulminate to death in a stereotypical pattern. After experiencing several days of symptoms of hand-foot-mouth disease, herpangina, or febrile illness, patients developed rhombencephalitis. Some developed cardiopulmonary failure and died rapidly despite intensive management. 8 In the 1998 Taiwan outbreak, Ho et al reported that pulmonary oedema was complicated in most of the patients with fatal outcome (65 of 78 patients) and concluded that most of the patients died of pulmonary oedema. 8 However, they did not explain the cause of death in the other 13 patients with fatal outcome. In our previous report, among seven patients with fatal outcome, all had left ventricular dysfunction and six had pulmonary oedema.
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This finding was similar to that reported by Chan et al in Malaysia. 6 Of their 24 patients with fatal outcome who had undergone echocardiography and chest radiography, all had left ventricular dysfunction and 17 had pulmonary oedema. 6 These findings implied that heart failure was the critical cause of rapid death in patients with enterovirus 71 infections. However, there was no evidence of myocarditis in the heart specimens. 6 7 11 The mechanism of heart failure in these cases remains unknown. The purpose of this study is to characterise the presentation of cardiac complications in children with enterovirus rhombencephalitis and discuss its pathogenesis.
METHODS

Patients
Between April 1998 and June 2002, 91 patients with enterovirus rhombencephalitis were admitted to the paediatric intensive care unit (ICU) of Taichung Veterans General Hospital, a tertiary medical centre in central Taiwan. The diagnosis of rhombencephalitis was based on neurological signs of ataxia, myoclonic jerks, oculomotor problems, or bulbar palsy; or evidence of brain stem involvement from magnetic resonance imaging (MRI) or brain specimen. 10 The criteria for enterovirus infection were positive culture or reverse transcription polymerase chain reaction (RT-PCR) of enterovirus in specimens of throat swabs. 12 Since 1999, the enterovirus subtype was further identified by an immunofluorescence assay with enterovirus 71 monoclonal antibody (Chemicon International, Inc., California) and/or positive RT-PCR of enterovirus 71. 10 12 13 After informed consent was obtained, all patients underwent echocardiography. Among them, 17 (nine male, eight female; median age 14 months, range: 4-57 months) with left ventricular dysfunction were studied. None of the patients had a prior history of heart disease. We describe the presentation of heart rate, blood pressure, cardiac enzymes, plasma catecholamines, electrocardiography, chest radiography, echocardiography, cardiac pathology, and outcome.
Virus identification
Specimens for enterovirus culture were collected in transport medium and inoculated onto monolayers of A549 cells, green monkey kidney cells, and Vero cells within 24 hours. 10 The cells were inspected daily for a minimum of 14 days for evidence of a viral cytopathic effect. Isolates that produced AR, aortic regurgitation; AV, atrioventricular; CK, creatine kinase; CKMB, muscle-brain fraction of creatine kinase; C/T, cardiothoracic; CXR, chest x ray; EF, ejection fraction of the left ventricle; EV, enterovirus; EV71, enterovirus 71; F, female; HR, heart rate; M, male; Max, maximum; Min, minimum; MR, mitral regurgitation; N, no; NA, not available; PO, pulmonary oedema; QTc, corrected QT interval; SBP, systolic blood pressure; SSS, sick sinus syndrome; TR, tricuspid regurgitation; VT, ventricular tachycardia; Y, yes. *Pathological study of the heart.
typical enteroviral cytopathic effects were typed by an immunofluorescence assay with enterovirus 71 monoclonal antibodies 3323 and 3324 (Chemicon International, Inc., California). 10 Isolates that stained for both monoclonal antibodies were identified as enterovirus 71.
RT-PCR was used to assess enteroviral genome in the specimens of throat swabs and heart tissues. 12 13 Heart tissues were frozen at 2196˚C and then ground into powder. The specimens from 50 mg heart tissues and throat swabs were assessed using the method of one step RT-PCR assay (Reverse-iT one step kit, ABgene, UK). 13 Briefly, extracted viral total RNA was converted to cDNA and then PCR amplified in the same tube containing enteroviral primers, RT-PCR master mix (Thermoprime Plus DNA polymerse, optimised reaction buffer, dNTP mix, and MgCl 2 ) and reverse-iT Rtase blend reverse transcriptase. Primers used for the common region of enteroviral genome were 3+ (TCCTCCGGCCCCTGAATG) and C610 (ATTGTGACC ATAAGCAGCCA). 12 Primers used for specific enterovirus 71 in the VP1 specific region were 159S (ACYATGAAAYTGTGCA AGG) and 162A (CCRGTAGGKGTRCACGCRAC). 13 The reaction products, 155-bp for non-specific enterovirus and 484-bp for enterovirus 71, were visualised by ethidium bromide staining under UV transillumination after electrophoretic separation on 2% agarose gel. A positive and negative control were tested simultaneously.
Heart rate, blood pressure, cardiac enzymes, and plasma catecholamines All patients were sedated with midazolam and intubated with mechanical ventilation. Heart rate and blood pressure, measured through the arterial line, were continuously monitored. Maximum heart rate and blood pressure during the period of heart failure were recorded. Serum cardiac enzymes were assayed for creatine kinase (CK) and musclebrain isoenzyme of creatine kinase (CKMB). Plasma was stored at 270˚C and the levels of catecholamines including norepinephrine (noradrenaline) and epinephrine (adrenaline) were determined by high performance liquid chromatography. 14 Electrocardiography and chest radiography Twelve lead electrocardiography was performed on admission and read by a paediatric cardiologist. The observed QT interval was corrected for heart rate (QTc) according to Bazett's formula. 15 The ST segment elevation or depression was defined as more than 1 mm of deviation in any lead. Portable chest radiography was undertaken in the supine anteroposterior projection. Cardiothoracic ratio was calculated by relating the largest transverse diameter of the heart to the widest internal diameter of the chest. 16 Pulmonary oedema was defined as bilateral alveolar infiltrations on the chest radiograph associated with pink foamy tracheal secretion. 17 
Echocardiography
Transthoracic echocardiography (Hewlett-Packard 5500, USA) was performed within 30 minutes of admission to the ICU and followed up if needed. M-mode echocardiography assessed the ejection fraction of the left ventricle via the parasternal long axis view with a normal range of 64-83%. 18 Two dimensional echocardiography assessed the wall motion of the left ventricle from the parasternal long axis, short axis, apical 4-chamber, and 2-chamber views. 19 If regional wall motion abnormality existed, the ejection fraction was measured by biplane Simpson's rule. 19 Colour Doppler echocardiography assessed valvular regurgitation, which was graded from 1+ to 4+. 20 
Cardiac pathology
After informed consent was obtained from the patients' parents, heart specimens from seven patients (six postmortem and one biopsy specimens) were sent for pathological study with haematoxylin and eosin stain, Masson's trichrome stain, and in situ terminal deoxyribonucleotidyl transferase mediated dUTP nick end labelling (TUNEL) assay. 21 All specimens were examined for enteroviral culture and analysed by RT-PCR.
RESULTS
Patients
Among the 17 patients with left ventricular dysfunction, 12 (71%) had hand-foot-mouth disease, two had herpangina, and three had no skin or mucosal lesions. All patients were confirmed to be the victims of enterovirus infection by throat Figure 1 Anteroposterior projection of chest radiography in case 17 shows normal heart size and bilateral pulmonary oedema. At the same time, the ejection fraction of the left ventricle was 22% measured by echocardiography. Figure 3 Clinical course in case 12 shows that tachycardia, systemic hypertension, and high concentration of plasma catecholamines preceded the occurrence of heart failure. The arterial oxygen saturation was around 100% throughout the course. The patient eventually deteriorated to hypotensive shock. Figure 4 Histopathological examinations of the heart specimens from study patients (left panels) were compared to those from a control, a 4 year old boy who died of sepsis (right panels). Panel A in Masson's trichrome stain and panel C in haematoxylin and eosin stain show significant coagulative myocytolysis and myofibrillar degeneration and waving in the left ventricle, indicated by sarcoplasmic coagulation (C), granulation (G), vacuolisation (V), and myocytolysis (M). Some nuclei became condensed, pyknosis (P), and irregular in shape. Panel E shows significant cardiomyocyte apoptosis, indicated by green fluorescent nuclei and was more remarkable in the subendocardial region (arrow) (in situ TUNEL assay). The bar scales are 30 mm in length.
culture in 13 and RT-PCR in 15. All nine cases after 1999 were further identified to be infected by enterovirus 71. Neurological symptoms included myoclonic jerks in 12 patients, opsoclonus in five, abducent nerve palsy in three, acute flaccid paralysis in three, and ataxia in three. All four survivors underwent brain MRI, which showed high signal lesions in the pons and medulla in all and cervical spinal cord involvement in one patient.
Heart rate, blood pressure, cardiac enzymes, and plasma catecholamines Table 1 summarises the cardiac characteristics and outcome of patients. All patients had tachycardia with a maximum heart rate of 155-250/min (mean (SD) 207 (30)/min), and 12 had systemic hypertension .115 mm Hg despite the coexistence of heart failure. Fourteen patients exhibited CKMB/ CK ratio .5%. In three patients (cases 12, 13, and 15) plasma catecholamines were measured; results showed norepinephrine levels of 4723, 54418, and 579 pg/ml (normal range 100-400 pg/ml) and epinephrine levels of 3461, 7505, and 6137 pg/ml (normal range ,70 pg/ml), respectively.
Electrocardiography and chest radiography Eight (47%) patients had electrocardiographic abnormalities, including prolonged QT interval in seven, ST depression in four, T inversion in three, ventricular tachycardia in one, and first degree atrioventricular block with sick sinus syndrome in one. Fourteen (88%) patients had normal heart size on chest radiography with the cardiothoracic ratio ,0.55 (fig 1) . Pulmonary oedema was complicated in 15 patients.
Echocardiography
The initial abnormal ejection fraction of the left ventricle was 22-58% (mean (SD) 37% (11%)) and follow up ejection fraction was 16-34% (mean (SD) 23% (6%)) (table 1). Two dimensional echocardiography showed generalised hypokinesia of the left ventricle in all patients, in three combined with akinesia of the apical septum and in two with akinesia of the basal septum (fig 2) . Case 6 was associated with significant right ventricular dysfunction and dilatation. Colour Doppler echocardiography showed mitral regurgitation in all patients and tricuspid regurgitation >grade 2+ in five and mild aortic regurgitation in two.
Clinical course
All patients deteriorated to hypotensive shock within 12 hours after detection of the heart failure. Thirteen patients (77%) died despite aggressive cardiopulmonary management. Figure 3 represents the clinical course of case 12, which shows the tachycardia, systemic hypertension, and high concentration of plasma catecholamines preceding the occurrence of heart failure. However, the arterial oxygen saturation was around 100% throughout the course. The patient eventually deteriorated to hypotensive shock.
Cardiac pathology
Pathological investigation of seven patients demonstrated that all ventricular specimens showed significant coagulative myocytolysis and myofibrillar degeneration, which were indicated by sarcoplasmic coagulation, granulation, and vacuolisation ( fig 4A and 4C) . A significant portion of the nuclei became condensed (pyknosis) and irregular in shape ( fig 4C) . Myofibrillar waving and lysis were observed ( fig 4C) . In situ TUNEL assay showed various degrees of cardiomyocyte apoptosis, which was more remarkable in the subendocardial region (fig 4E) . Examination of all specimens showed that the left ventricle was more remarkably involved than the right ventricle except in case 6. Atrial specimens showed normal to mild myocytolysis. None of the heart specimens showed evidence of a viral presence from culture or RT-PCR, or the infiltration of inflammatory cells.
DISCUSSION
Enterovirus 71 is a neurotropic virus, which can cause aseptic meningitis, encephalitis, acute flaccid paralysis, or rhombencephalitis. 10 Huang et al confirmed that rhombencephalitis was the chief neurological syndrome in the 1998 Taiwan outbreak and responsible for all the fatal cases. 10 The lesion was most commonly in the pontine tegmentum with subsequent rostral and caudal progression, involving the vasomotor centre. 10 The mortality rate was 14% (5/37) in patients with rhombencephalitis. 10 All of the patients with fatal outcome presented with rapid cardiopulmonary failure and died within 12 hours after admission to the hospital despite receiving cardiopulmonary support. 10 Nevertheless, Huang et al did not clarify the role of the heart in these fatal cases.
Our data revealed that characteristic presentation of cardiac complications in patients with enterovirus 71 rhombencephalitis included the following. First, it was not caused by myocarditis. Second, hypersympathetic activity, including tachycardia, systemic hypertension, and high levels of plasma catecholamines, preceded or coexisted with the left ventricular dysfunction. Third, cardiac enzymes were increased in most patients. Fourth, electrocardiographic abnormalities occurred about half the patients. Fifth, normal heart size on chest radiography was noted in most patients. Sixth, it was usually associated with pulmonary oedema. Seventh, left ventricular dysfunction was acute and usually fatal. Eighth, coagulative myocytolysis, myofibrillar degeneration, and cardiomyocyte apoptosis were noted in all ventricular specimens, which were remarkable in the subendocardial region of the left ventricle.
All of the above manifestations are similar to those in patients with neurogenic cardiac damage. [22] [23] [24] [25] [26] Neurogenic cardiac damage has been studied for decades and has been observed in patients with subarachnoid haemorrhage, head trauma, status epilepticus, and stroke. [22] [23] [24] [25] [26] Sato et al reported that transient left ventricular asynergy was noted in 9.4% (67/715) of patients with subarachnoid haemorrhage. 23 Plasma catecholamine concentrations were higher in these patients compared with those without left ventricular asynergy. 23 Pollick et al performed a prospective two dimensional echocardiographic study and found that all patients had akinesia of the apical septum initially and some of them progressed to include additional wall motion abnormalities. 26 Marion et al reported that 50-72% of patients with subarachnoid haemorrhage had electrocardiographic abnormalities including T wave abnormalities in 47% of patients, QT prolongation in 37%, rhythm abnormalities in 35%, ST segment changes in 30%, and prominent U waves in 25%. 24 The consensus pathological findings of neurogenic cardiac damage are coagulative myocytolysis and myofibrillar degeneration, which are greatest near the nerve terminals in the endocardium. 22 27 They are also known as contraction band necrosis, in which the cells die in a hypercontracted state with a prominent contraction band. 22 27 These lesions are the characteristics of catecholamine cardiotoxicity and are also noted in patients with pheochromocytoma. 27 The mechanism of neurogenic cardiac damage is generally believed to result from excessive catecholamine release caused by a brain lesion. [22] [23] [24] [25] [26] Based on these observations, we propose the following mechanism of cardiac damage in patients with enterovirus 71 rhombencephalitis. The neurotropic enterovirus 71 infects the brain stem (rhombencephalitis), resulting in damage to the dorsal vagus nuclei and nuclei of the solitary tract. Subsequent inactivation of the parasympathetic system and activation of the nearby central sympathetic pathway cause a ''catecholamine storm'', which results in catecholamine cardiotoxicity including coagulative myocytolysis, myofibrillar degeneration, and cardiomyocytes apoptosis.
Apoptosis is programmed cell death that does not induce inflammatory reaction. 28 It is an important mechanism to produce heart failure. 28 29 According to many in vitro and in vivo studies, [28] [29] [30] excessive catecholamines are able to induce the apoptosis of cardiomyocytes. Our study reveals that apoptosis plays a role in the pathogenesis of heart failure in patients with enterovirus 71 rhombencephalitis. To our knowledge, this is the first report that shows the role of apoptosis in neurogenic cardiac damage. However, further study is required to clarify the precise mechanism.
The heart failure observed in patients with enterovirus 71 rhombencephalitis is more severe than that observed in patients with subarachnoid haemorrhage. Our explanation is that subarachnoid haemorrhage activates the sympathetic centre (hypothalamus), while enterovirus rhombencephalitis not only activates the central sympathetic pathway but also suppresses parasympathetic activity. More intense and longer catecholamine release is induced in the latter case.
Our data showed that 88% of patients exhibited normal heart size on the chest radiograph and the heart failure coexisted with normotension or hypertension, which usually cause a clinician to overlook the existence of cardiac dysfunction. The implications for treatment include the following. Echocardiography should be performed as soon as possible and followed up frequently in patients with enterovirus 71 rhombencephalitis. If cardiac dysfunction is found, fluid restriction and cautious use of a vasodilator are suggested. Inotropic agents derived from catecholamines should be avoided, while those derived from phosphodiesterase inhibitors, such as milrinone, might be considered. If cardiac function deteriorates despite medical treatment, extracorporeal circulatory life support might be indicated. 31 Based on the proposed mechanism, a sympathetic blocking agent may be beneficial in the early stages to prevent catecholamine toxicity but this demands further study before clinical implementation.
In conclusion, acute heart failure was noted in 19% of patients with enterovirus rhombencephalitis, which had a fatality rate of 77%. It was not caused by myocarditis but possibly by neurogenic cardiac damage.
